Running Title: Functional Divergence of βCOP. 
INTRODUCTION
Toxoplasma gondii is an obligate intracellular parasite and unicellular eukaryote. T. gondii uses conventional membrane trafficking organelles and machinery, such as the Endoplasmic Reticulum (ER) and coated vesicles, to accommodate a sophisticated secretory pathway that includes three additional secretory organelles utilized during invasion (Hager et al., 1999b; Joiner and Roos, 2002; Pfluger et al., 2005) . The anterior cytoplasm of the parasite contains two of the specialized secretory organelles, called micronemes and rhoptries. This complex of specialized substructures gives the phylum Apicomplexa its name (Levine, 1977) . Several apicomplexans also possess another distinctive organelle apical to the nucleus, the "apicoplast" (Abrahamsen et al., 2004a; Köhler et al., 1997; Lang-Unnasch et al., 1998; McFadden et al., 1996; Zhu et al., 2000) . This organelle is thought to have evolved through secondary endosymbiosis and is plastid in nature (Kohler et al., 1997; Waller and McFadden, 2005) . Unlike other apical organelles, it harbors its own genome and is enclosed within four membranes (Kohler et al., 1997; McFadden and Roos, 1999) .
Other than the nucleus, the presence of an endomembrane system within the cytoplasm of an organism is one of the hallmarks of eukaryotes. In most eukaryotic cells, proteins move from one compartment to another in transport vesicles. These transport vesicles form from specially coated regions of membranes and bud off as coated vesicles, with a distinctive cage of proteins covering the surface facing the cytosol. There are two well-characterized types of transport vesicles: clathrin-coated and coatomer-coated (COP) vesicles. Clathrin mediates selective transport of transmembrane receptors from the trans-Golgi network or from the plasma membrane. COP vesicles mediate both selective and non-selective transport between the ER and Golgi and/or within the Golgi cisternae (Barlowe, 2000; Cox, 2002; Majoul et al., 2001; Nickel et al., 2002; Orci et al., 2000; Pelham and Rothman, 2000; Tang et al., 2001) [13] [14] [15] [16] [17] [18] [19] . There are two types of COP vesicles, COPI and COPII. Direction and control of early transport within the secretory pathway is mediated by the components of COPI. COPI contains stoichiometric amounts of seven subunits including: α(160-kDa,) β (107-kDa), β' (102-kDa), δ (57-kDa), ε (36-kDa), γ (97-kDa), ζ (20-kDa) and a small GTP-binding protein, ADP-ribosylation factor (ARF). (Lowe and Kreis, 1998)[20] . COPI mediates retrograde trafficking that involves retrieval of missorted proteins from the Golgi back to the endoplasmic reticulum (ER). Less well understood, and a current subject for debate, are COPI's other roles in the cell. COPI has been implicated in anterograde stack to stack transport (Orci et al., 2000) , concentration of proteins at specialized ER exit sites (ERES) where cargo leaves the ER (Garcia-Mata et al., 2003) , endocytosis (Aniento et al., 1996) and phagosome maturation (Botelho et al., 2000) . In contrast to COPI, COPII's role in transport is well understood. It is required for the concentration and export of secretory cargo from the ER (Aridor et al., 1999; Barlowe, 1998; Barlowe, 2000; Gorelick and Shugrue, 2001; Gurkan et al., 2006) . COPII contains four subunits (different in sequence from the COPI subunits), that includes a small GTPbinding protein, SAR1. With the exception of the small GTPases, all COPI and COPII subunits share an 'Adaptin_ N' domain, at the N-terminus of all of the coatomer subunit proteins. Adaptin domains are present in the alpha, beta and gamma subunits of the AP-1, AP-2 and AP-3 adaptor protein complexes. The adaptor protein (AP) complexes are involved in the formation of clathrin coated pits and vesicles. The N-terminal region of adaptor proteins is conserved in sequence compared to the Cterminal region that varies within the family. The C-terminal region has been proposed to interact with other components of the coated vesicle and aid in budding of the vesicle (Antonny, 2006; Gurkan et al., 2006) .
The Toxoplasma genome possesses all seven of the predicted COPI subunit homologues and the predicted sizes are: α (142.6 kDa), β (121 kDa), β' (150...154 kDa), δ (62 kDa), ε (34 kDa) , γ (112 kDa), ζ ( 21 kDa). One of the best known constituents of the COPI complex is βCOP. We conducted a bioinformatic analysis on βCOP because it is essential for membrane trafficking steps throughout the eukaryotic cell and its role in trafficking is an active area of research. We have recently cloned and characterized the Toxoplasma homologue of βCOP (TgβCOP) and found that it has several conserved and unique properties. It localizes to the parasites' Golgi region (Hager et al., 1999; Pfluger et al., 2005) . TgβCOP is slightly larger than other metazoan or fungal βCOP homologues. TgβCOP possesses the canonical 'Adaptin_ N' domain at its N-terminus and also contains an amino acid insert in its C-terminal domain that is conserved across several apicomplexan species, but is not found in other sequenced metazoan or fungi βCOP. This study examines the phylogenetic relatedness of TgβCOP to other eukaryotes in order to identify regions that may be associated with divergent biological functions.
MATERIALS AND METHODS

Reagents and Cell Culture
All chemical reagents and primers were ordered as previously described (Pfluger et al., 2005) . All cell culture reagents were obtained from Gibco (Invitrogen, Carlsbad, CA). The host cells, human foreskin fibroblast (HFF) cells (BJ cell line, ATCC), and parasites were grown as previously described (Roos et al., 1994) .
Identification and cloning of TgβCOP
An expressed sequence tag (EST) encoding βCOP (accession #AF163574) (Hager et al., 1999a) was identified from the Toxoplasma EST Database (Ajioka et al., 1998; Kissinger et al., 2003; Li et al., 2003; www.ToxoDB.org, 2002) . The putative ORF was initially identified using primers directed against the 5' sequences in the EST sequence #623080 using 5' RACE PCR. In brief, the five prime end of T. gondii EST #623080 was used to design primer TgβCOP1 (Rev). TgβCOP gene specific primer (GSP) in the antisense orientation was used with the universal primer (sense) in a 5'-RACE PCR strategy according to manufacturers protocol (Stratagene). The resulting PCR product was subcloned into pCR4-TOPO vector (Invitrogen) and sequenced using standard T3 and T7 primers. To confirm the sequence of PCR product, TgβCOP, primers were designed to the ends of the gene (TgβCOP2 and TgβCOP3) and to an interior region of the gene (TgβCOP4 and TgβCOP5) based on the previously determined sequence. The interior primers (TgβCOP4 and TgβCOP5) were also used in conjunction with the 5' and 3' end primers (TgβCOP2 and TgβCOP3) to produce PCR fragments of appropriate lengths to re-confirm cloning and sequencing result. The complete ORF was cloned from full-length cDNAs generated by using SMART cDNA library construction (Becton Dickinson) from the RH strain. All sequencing was performed by Davis Sequencing Facility (Davis, CA). Cloning and sequencing primers are shown in Table I .
Phylogenetic and functional analysis
Sequences of βCOPs from 49 species were obtained by searching NCBI's non-redundant proteins database and protozoan databases using BLASTP. The sequences obtained were aligned using default parameters in ClustalX (Thompson et al., 1997) . Manual correction was used to exclude gaps and highly divergent or ambiguous regions of the alignment. Therefore, only the conserved core of the alignment (black portions, Figure 1A ) was used to generate the phylogenetic tree shown in Figure A functional divergence analysis of the amino acid alignment in the context of the hypothesized phylogenetic tree was performed using the computer program DIVERGE (Gu and Vander Velden, 2002) . These sites may have been subject to divergent functional evolution. DIVERGE measured change in site-specific evolutionary rates using the coefficient of evolutionary functional divergence (θ), where θ = 0 indicates no change and values approaching θ = 1 reflect increasing functional divergence. Specifically, θ measured site-specific divergence from a homogenous gamma model of among-site rate variation. Surface probabilities of the amino acid residues in TgβCOP sequence were calculated using the MacVector program (Rastogi, 2000) obtained from the website:
www.macvector.com/index.html (MacVector, Inc.). The program was run using default parameters.
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Results And Discussion
3.1. cDNA cloning TgβCOP and sequence analysis. The full length cDNA for the TgβCOP gene (accession # DQ279721) is 3.3 kb ( Figure 1B ) in size and contains overlapping sequence with the EST fragment previously identified (Hager et al., 1999b) . The coding region is predicted to encode a protein with a predicted mass of ~121-kDa. TgβCOP possesses a series of novel sequences distributed throughout the protein (Fig. 1A , white boxes) that have been verified by reverse transcription polymerase chain reaction (RT-PCR) (Fig 1B) . One of the novel sequences, the region between amino acids ~746-790 (using anti-GEDSL" antibody) exists in the mature protein as shown by immunoblotting (Smith et al 2006 submitted) . The novel sequences have no identifiable function and/or motif. A novel sequence in the C-termini is shared among related Apicomplexa (Fig. 1A, striped box). While the sequence is not identical between all apicomplexans, a shared amino acid motif suggests common ancestry (Fig. 1A, alignment) . This novel sequence led us to investigate the role evolution played in exerting selective pressure for divergent function of the βCOP subunit among intracellular pathogens.
Phylogenetic analysis
A phylogenetic analysis of βCOP amino acid sequences provides a way to factor out historical and neutral processes and determine regions undergoing positive selection for functional divergence among eukaryotes. TgβCOP was compared with βCOP sequences representing 49 species of eukaryotes. The sequence alignment was modified to exclude regions of uncertain homology, a pre-requisite for accurate phylogenetic reconstruction. The final alignment included 825 characters. Using the final alignment, a consensus tree was generated by running MrBayes for 10 million MC 3 generations and excluding the burn-in trees ( Figure 2 ). All four replicate MC 3 analyses produced the same results, indicating stationarity was obtained. Individual posterior probabilities varied no more than ±0.02. In each replicate analysis, the burn-in was 6000 generations, resulting in a sample of 99,940 trees for estimation of posterior probabilities.
The components of protist coated vesicular apparatus are of particular interest as these organisms often lack easily recognizable secretory organelles such as the Golgi. For example, Giardia (Gl) possesses an endomembrane system, yet appears to lack a conventional Golgi with readily recognizable and parallel cisternae apparatus in its vegetative trophozoite form (Becker and Melkonian, 1996; Hehl and Marti, 2004; Lujan et al., 1995) despite an ability to sort proteins to constitutive and regulated secretory pathways (Meng et al., 1993; Reiner et al., 1990) . We observed long branch lengths within the Apicomplexa clade (Figure 2 ), in excess of those observed in ribosomal RNA (rRNA) phylogenies (Sogin and Silberman, 1998) . Long branches were observed in the other protist lineages and these may reflect a combination of time and elevated rates of molecular evolution. As such, the long branches observed may, in part, indicate functional divergence among the different protistan βCOP proteins, although sampling of distantly-related paralogs cannot be ruled out. In phylogenetic reconstruction, one of the most important tools to accurately predict branch lengths is use of a gamma distribution of among-site variation in evolutionary rates of change, as we have done in our MC 3 analysis. Our 
DIVERGE analysis
To examine the possibility of functional divergence of apicomplexan βCOP proteins, we performed a functional analysis of the amino acid alignment in the context of the βCOP phylogenetic tree using the computer program DIVERGE (Gu and Vander Velden, 2002) . DIVERGE detects site-specific altered functional constraints by comparing site-specific evolutionary rates among sub-clades within the phylogenetic tree (reviewed by Gaucher et al., 2002 )(Gaucher et al., 2002 . DIVERGE does not explicitly consider the nature of amino acid substitutions occurring at specific locations in the alignment (e.g. non-polar vs. polar vs. charged polar), but instead highlights positions that have higher rates of amino acid substitution than predicted from neutrality. As such, DIVERGE does not highlight extreme conservation, such as structurally important cysteine residues, but only those positions within the alignment undergoing statistically detectable positive selection. DIVERGE performs the analysis by comparing the evolutionary rates between two clades within the phylogenetic tree. The tree is used to factor out neutral processes by using a mathematical model of the rates of evolution within a protein.
Sites having significantly higher evolutionary rates among sub-clades than predicted from neutrality are identified as regions potentially subject to divergent functional evolution. However, it is important to note that the unique population structure of parasites such as the apicomplexa and kinetoplastid may additionally contribution to rates of evolution beyond that expected from neutrality. As such, our results should be considered hypothesis testable by functional studies in the laboratory.
We used DIVERGE to test the null hypothesis of no changes in site-specific evolutionary rates among βCOP sub-clades and to predict sites in the alignment having altered functional constraints.
Specifically, we tested this null hypothesis among the apicomplexans, kinetoplastids, vertebrates, and fungi (Table 3) . The kinetoplastids exhibited a high degree of functional divergence from the vertebrates (θ = 0.66 overall, 577 residues with θ > 0.50) and fungi (θ = 0.46 overall, 181 residues with θ > 0.50), indicating broad positive selection on the amino acid sequence between kinetoplastids and vertebrates / fungi. As DIVERGE is strictly comparative, it is not explicitly clear if this selective pressure has been at work for the kinetoplastid proteins only, for the vertebrate and fungal proteins only, or a combination of each. However, examination of Table 3 finds no evidence of positive selection between the vertebrate and fungal proteins, suggesting that the positive selection is occurring predominantly in the kinetoplastids. Kinetoplastid βCOP may be performing a very novel function compared to well-studied model organisms. Previous studies showed that trypanosome βCOP antibodies do not label the Golgi (Maier et al., 2001 ) and this may possibly be related to their high level of divergence.
The apicomplexans exhibited a subtle and specific functional divergence from fungi (θ = 0.30, 28
residues with θ > 0.50) and kinetoplastids (θ = 0.35, 23 residues with θ > 0.50), but not vertebrates.
Apicomplexans, unlike kinetoplastids, contain a small number of residues predicted to have undergone positive selection (< 30 for each comparison). Although the divergent residues were found throughout the protein, the majority were clustered in the conserved N-terminal and C-terminal domains, with many functionally divergent residues found in close proximity ( Figure 3 , Table 4 ). Only three divergent positions were shared between apicomplexans, kinetoplastids, and fungi. Despite being in close proximity, some positions undergoing positive selection appear to be divergent in the apicomplexans only, the kinetoplastids only, or the fungi only (Table 4) . Sites where non-conservative amino acid substitutions occur are of interest. For example, at position 133 most fungi have a glutamine (an uncharged polar amino acid and amide), while apicomplexans have a proline (a nonpolar amino acid and a bulky aliphatic hydrocarbon). This substitution of proline can result in disruption of an alpha helix, a beta-sheet or change the direction of a beta-strand within a protein (Table 4 ).
The topological position of the residues identified in Figure 3 (Table 4 ) is important to consider for functional divergence for two reasons. First, residues that are predicted to be on the surface generally interact favorably with the hydrophilic environment of the cytosol through polar amino acid groups.
Second, surface residues would presumably have the most impact on protein-protein interactions within the cytosol of the organism. Given that βCOP is part of a multi-protein complex, the implications are that these interactions would change dependent upon the type of amino acid substitutions that are observed. When those groups are changed to non-polar residues (for example at position 603 or 941), the interactions with the hydrophilic environment of the cytosol is less favored.
The result is that in order to maximize hydrogen bonding, the protein may change how it folds. Thus, non-conservative amino acid changes can affect the overall shape of the protein and presumably the protein-protein interactions that occur between the protein and its subunits within the coatomer complex. We hypothesize that each of these lineages have been undergoing subtle divergent evolution to fine tune their roles in their respective cells and that the DIVERGE analysis has highlighted regions of the protein important for alteration of protein structure and function. That each group of organisms did not undergo amino acid substitutions at the exact same positions is strongly suggestive of differing selective pressures. As such, TgβCOP may play a role specific to the apicomplexans. The three divergent sites shared between apicomplexans, fungi, and kinetoplastids are not in the conserved domains of the coatomer beta subunit proteins, suggesting previously undiscovered functionally important residues in βCOP. These residues, as well as the clusters of divergent residues, are important for future experimental investigation of βCOP function. Table 1 ).
Figure Legends
Fig. 2. Phylogenetic tree of βCOP species.
The conserved core of the βCOP alignments (indicated in the model by the black boxes, Figure 1A) was used to generate the phylogenetic tree. Phylogenetic relationships of the βCOP sequences were assessed using the computer program MrBayes, a Bayesian statistical program (Huelsenbeck et al., 2001 ). Branch lengths indicate evolutionary distance while node labels indicate posterior probability.
The vertebrate and fungal branches were magnified (see inset boxes) to show relationships more clearly (branch lengths are not meaningful). Species abbreviations, their accession numbers, and percent identity to human βCOP (NP_057535) are shown in Table 2 . and thus is in a category by itself. Note: DIVERGE does not take into account the type of amino acid but rather the changes that occur at that particular position within the primary amino acid sequence.
